Abstract-NbN and Nb-Si-N films have been deposited by magnetron sputtering of the Nb and Si tar gets on silicon wafers at various powers supplied to the Nb target. The films have been investigated by an atomic force microscope, X ray diffraction, X ray photoelectron spectroscopy, nanoindentaion and microindentation. The NbN films were nanostructured, and the Nb-Si-N films represented an aggrega tion of δ NbN x nanocrystallites embedded into the amorphous Si 3 N 4 matrix (nc δ NbN x /a Si 3 N 4 ). The annealing of the films in vacuum showed that their intensive oxidation occurred at annealing temperature higher than 600°C. To explain the experimental results on the Nb-Si-N films, first principles molecular dynamics simulations of the NbN(001)/Si 3 N 4 heterostructures have been carried out.
1. INTRODUCTION Nanostructured films are widely used for surface hardening of cutting tools due to high hardness, good cor rosion stability and low friction coefficient [1] . Among these films, NbN based films are of increasing interest. The hardness of such binary NbN nitride films is much higher than the bulk material (H V = 14 GPa) and higher than other binary nitride films (TiN, ZrN, VN). The hardness of the NbN films deposited by different arc deposition systems reaches 34-49 GPa [2] [3] [4] [5] [6] [7] . The NbN films were also prepared by using magnetron sputtering (MS) [8] [9] [10] [11] [12] , ion beam assisted deposition [13] , pulsed laser deposition [14] . An increase in hard ness was reached by the formation of the nanocomposite or nanolayered structures of the films based on nio bium nitride [15] [16] [17] [18] [19] [20] [21] [22] [23] . Silicon nitrides are known for their high temperature stability, low friction coefficient, and high oxidation resistance. Hence, one can expect that Nb-Si-N nanocomposite and multilayers will combine the properties of the constituent materials and will have improved properties as compared to NbN. In the following we will put an accent on the films prepared with magnetron sputtering. We reviewed the recent investigations into NbN and Nb-Si-N films deposited by magnetron sputtering. Some deposition parameters and hardness of these films are summarized in the table. One can see that the NbN system crystallizes with several different phases: δ NbN (space group Fm m), ε NbN (space group P m2) and δ′ NbN (space group P6 3 /mmc) depending on deposition parameters. The formation of the hexagonal phases occurs at high nitro gen partial pressures and substrate biases [8] [9] [10] 12] . The hardness of the hexagonal δ′ and δ phases of NbN is higher compared to that of the cubic δ NbN [8, 9] .
It was found that an addition of silicon up to 3.4 at % led to an increase in hardness up to 53 GPa [15] . This hardness enhancement was due to the specific nanocomposite structure of Nb-Si-N films that represented nano sized NbN grains embedded in amorphous SiN x matrix [15] [16] [17] [18] [19] [20] . An increase in hardness from 25 GPa to 34 GPa was explained in the framework of a two step mechanism, i.e., by forming a solid solution of Si atom 1 The text was submitted by the authors in English. 3 6
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JOURNAL OF SUPERHARD MATERIALS Vol. 36 No. 6 2014 in NbN lattice and a nanocomposite material [16] [17] [18] . The hardness of Nb-Si-N nanocomposite films reaches the maximum values of 30-34 GPa for 5-13 at % of Si [17] . As in the case of NbN, for the Nb-Si-N system, high substrate biases and nitrogen partial pressures promote the growth of the ε NbN grains [19, 20] . We see from this brief review that, despite the previous investigations of the NbN and Nb-Si-N films, the comparative study of these two kinds of films prepared at the same deposition parameters was not yet carried out. Also so far the effect of the discharge power supplied to the Nb target (P Nb ) on film properties was not analyzed. Besides, we note that, up to date, any theoretical investigations of the NbN/SiN x nanostructures at the atomic level were not carried out.
In this work we aimed to fill these gaps in the investigations of NbN and Nb-Si-N films. These films were deposited on silicon wafers at various P Nb . The films were then investigated by: an atomic force microscope (AFM), X ray diffraction (XRD), X ray photoelectron spectroscopy (XPS), nanoindentaion and microin dentation. The deposited nanocomposite films were annealed to establish their thermal stability. The NbN(001)/Si 3 N 4 heterostructures were calculated at various temperature using first principles molecular dynamics simulations to interpret the experimental results on the Nb-Si-N films.
EXPERIMENTAL AND COMPUTATIONAL DETAILS

Experimental Procedures
The NbN based films were deposited on the mirror polished Si (100) wafer by DC magnetron sputtering the Nb (99.9%, ∅72 × 4 mm) and Si (99.999%, ∅72 × 4 mm) targets in an argon-nitrogen atmosphere at the following deposition parameters: substrate temperature T S = 350°C; substrate bias U B = -50 V; flow rate (F) F Ar = 40 sccm; = 13 sccm; working pressure p C = 0.17 Pa. The current applied to the Nb target was 150, 200, 250 and 300 mA, which corresponded to a discharge power density P Nb = 8.6, 11.4, 14.3 and 17.1 W/cm 2 , respectively. The current on the Si target was 100 mA (P Si =5.3 W/cm 2 ). The base pressure of the vacuum chamber was better than 10 -4 Pa. The distance between the targets and the substrate holder was 8 cm. The dihedral angle between the target planes was ~ 45°. The substrates were cleaned ultrasonically before they were put into the vacuum chamber. Also, before deposition, the substrates were etched in the vacuum chamber in 
F N 2 hydrogen plasma during 5 min. The film deposited at P Nb = 14.3 W/cm 2 was annealed in a vacuum (0.001 Pa) during 2 h at 600, 800 and 1000°C.
The crystal structure of the films was determined by X ray diffraction (XRD, diffractometer DRON 3M) using CuKα radiation. The crystallite sizes in films were evaluated from the broadening of peaks in X ray dif fraction spectra using the Scherrer formula. The chemical bonding status of films was observed by X ray pho toelectron spectroscopy (XPS, EC 2401, USSR) using MgKα radiation (E = 1253.6 eV). The Au4f 7/2 and Cu2p 3/2 peaks with binding energy at 84.0 ± 0.05 eV and 932.66 ± 0.05 eV, respectively, were used as refer ences. Surface morphology was analyzed by an atomic force microscope (AFM) NanoScope IIIa Dimension 3000 (Digital Instruments, USA). The hardness and elastic modulus of films were determined from indenta tion by Nanoindenter G200 instrument equipped with a Berkovich pyramidal tip under a load in the range of 9-13 mN. This range of loads was chosen in order to obtain prominent plastic deformation of a film while avoiding the influence of substrate material. The nanohardness (H) and elastic modulus (E) data were obtained from the load-displacement curves using the Oliver and Pharr method. The Knoop hardness (H K ) was estimated by a Microhardness Tester Micromet 2103 (BUEHLER Ltd.) at a load of 100 mN. The thick ness of the films was determined with a Micron Gamma optical profilometer. The thickness of the films increased with P Nb , from 0.8 to 1.1 mm (NbN films) and from 0.9 to 1.7 mm (Nb-Si-N films).
Theoretical Methods
Atomic structures of the NbN(001)/Si 3 N 4 heterostructures consisting of one Si 3 N 4 interfacial monolayer (1 ML) between slabs of five NbN(001) layers were studied at 0 K and 1400 K in the framework of the first principles quantum molecular dynamics (QMD) calculations with a subsequent static relaxation. We consid ered initial 96 atomic NbN supercell that was built by means of the translation of NaCl B1 type 8 atomic cubic cells in the x , y , and z directions to form the (2 × 2 × 3) supercell. In this supercell, one Nb 8 N 8 (001) layer was replaced by the Si 6 N 8 (001) layer to model the NbN/Si 0.75 N (NbN/Si 3 N 4 ) nanostructures revealed in our experiments. We considered the (001) heterostructures since the Nb-Si-N films were found to be tex tured with the preferable (200) grain orientation.
The QMD calculations were performed with the quantum ESPRESSO code [24] using periodic boundary conditions and the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) [25] for the exchange-correlation energy and potential. Vanderbilt ultra soft pseudo potentials were used to describe the electron-ion interaction [26] . The criterion of convergence for the total energy was 10 -6 Ry/for mula unit (1.36 × 10 -5 eV/formula unit). In order to speed up the convergence, each eigenvalue was convo luted by a Gaussian with a width of σ = 0.02 Ry (0.272 eV).
The initial structure was optimized by simultaneously relaxing supercell basis vectors and atomic positions inside the supercell using the Broyden Fletcher Goldfarb Shanno (BFGS) algorithm [27] . The QMD calcu lations of the initial relaxed heterostructure were carried out at 1400 K with fixed unit cell parameters and vol ume (NVT ensemble, constant number of particles volume temperature) for 1.7 ps. In the QMD calcula tions, the time step was 20 atomic units (about 10 -15 s). The system temperature was kept constant by rescaling the velocity, and the variation of the total energy was controlled during each QMD time step. All structures reached their time averaged equilibrium during the initial calculation time of about 1 ps, and afterwards, the total energy of the structures fluctuated only slightly around that equilibrium value. In the large scale QMD simulation, the chosen reduced energy cut off (30 Ry, 408 eV) and the k points mesh (Γ point) were used in order to save computing time without compromising accuracy. The justification of such an approach was val idated in [28, 29] .
After QMD equilibration, the geometry of the heterostructure was optimized by simultaneously relaxing supercell basis vectors and positions of atoms inside the supercell using the BFGS algorithm [27] . The Monkhorst Pack [30] (2 × 2 × 2) mesh was used. The relaxation of the atomic coordinates and supercell was considered to be complete when atomic forces were less than 1.0 mRy/Bohr (25.7 meV/Å), stresses were smaller than 0.05 GPa, and the total energy during the structural optimization iterative process was changing by less than 0.1 mRy (1.36 meV). For the generated 94 atoms heterostructures, we introduced the following abbreviation: "ZT" and "HT" refer to a 1 ML NbN(001)/Si 3 N 4 heterostructures generated at 0 and 1400 K, respectively.
The tensile stress-strain relations were calculated by: 1) elongating the supercells along the c axis [ (001) (100)[010] shear strains (parallel to the interface) was calculated as follows: first, an incremental shear distor tion was imposed, then the dihedral angle between the a and c supercell vectors was fixed, and simultaneously the basis supercell vectors and the atomic coordinates were relaxed. For both tensile and shear strains the structural parameters at a previous step were used to calculate the Hellmann Feynman stress for the next step.
The cubic B1 (Fm m) NbN structure was studied to verify our computational method. The calculated lat tice constant of a NbN = 4.41 Å was found to be close to the experimental value of 4.394 Å, and comparable to other theoretical results of 4.378-4.42 Å [31] . Figure 1 shows the AFM surface topography of the NbN and Nb-Si-N films deposited at various P Nb . One can see that the film surface roughness increases with P Nb . Also, the surface roughness in Nb-Si-N films is smaller than in NbN films, which can be due to the availability of the amorphous SiN x tissue in Nb-Si-N films (see below). It follows that a decrease in the discharge power P Nb and an introduction of silicon promote the reduction of surface roughness.
RESULTS AND DISCUSSION
Experimental Results
The XRD spectra of the deposited NbN and Nb-Si-N films are shown in Fig. 2 NbN grains. In Fig. 3 we show the dependences of grain size (D) of NbN and Nb-Si-N films on the parame ter P Nb . The value of D increases with P Nb for Nb-Si-N and has an extreme dependence on P Nb for NbN.
The results of the XPS examination of as deposited and annealed NbN and Nb-Si-N films are presented in Fig. 4 . It is known that a native oxide grows on Nb compounds when exposed to air [19] , and the peaks at 204.07 eV and 206.88 eV can be assigned to Nb3d in NbN (203.97 eV [21] ) and Nb 2 N 2-x O 3+x (207.0 eV [33]). For NbN films, the peak at 397.4 eV in the N1s spectrum is determined by Nb-N bonds, whereas for NbSi-N films this peak is located around 397.2 eV and can be assigned to N1s in NbN (397.4 eV [19] ). We sup pose that the asymmetry of the N1s peak can be caused by the Si-N bonds in Si 3 N 4 (397.8 eV [34] ). XPS mea surements of the Si2p spectrum provide further information on the Si bonding in the Nb-Si-N films (see Fig. 4) . The peak at a binding energy of 101.7 eV is assigned to Si in Si 3 N 4 (101.7 eV [34] ), and a shoulder at 103.3 eV in the Si2p spectrum of the annealed films is supposed to be due to the Si-O bonds in SiO 2 (103.5 eV [34] ). Finally, the O1s spectra of the NbN and Nb-Si-N films are centered around 530.5 eV and 530.9 eV, [24] ; (1) Fig. 4 ). Using the XPS data (see Fig. 4 ), we estimated the niobium, nitrogen, and silicon contents (C Nb , C N , and C Si , respectively) in NbN and Nb-Si-N films. It was found that C Nb = 44.5 at %, C N = 55.5 at % for NbN films and and C Nb = 45.1 at %, C N = 43.2 at % and C Si = 11.7 at % for Nb-Si-N films.
A comparison of the results presented in Figs. 1-4 enables us to establish the structure of the NbN and Nb-Si-N films. The NbN films are nanostructured, and the Nb-Si-N films have a nanocomposite struc ture, and represent an aggregation of δ NbN x nanocrystallites embedded into the amorphous Si 3 N 4 tissue (nc δ NbN x /a Si 3 N 4 ). In contrast to NbN films, Nb-Si-N films are textured with the preferable (200) grain orientation. The films contain oxygen as niobium oxides. For Nb-Si-N films we also suppose that oxygen forms SiO 2 that is segregated along grain boundaries. We note that despite the larger grain sizes, the surface roughness of the Nb-Si-N films is lower as compared to that of the NbN films. One can assume that the amorphous SiN 4 tissue in nanocomposite Nb-Si-N films smears the relief of the film surface. For this rea son, the surface roughness of the nanocomposite films should be lower than that of NbN films.
The dependence of H and E on indenter penetration (L) of the deposited films are presented in Fig. 5 . It is seen that, beginning with 75 nm, the nanohardness practically does not depend on L. The elastic modulus decreases reaching the maximum values at L = 50 nm. These results point that the soft silicon substrate does not exert influence on the nanohardness of the films. The elastic modulus of the films turns out to be more sensitive to the substrates, especially at high L. In Fig. 6 we show the maximum values of H and E, determined from the H(L) and E(L) dependences, respectively, as well as the H K of the deposited films as functions of P Nb . Figs. 3 and 6 shows that the elastic modulus of NbN and Nb-Si-N films increases with grain sizes. We note here that the structural and mechanical properties of the deposited Nb-Si-N films are very close to those obtained in [15] [16] [17] [18] . Figure 7 shows the variation of the Knoop hardness of NbN and Nb-Si-N films with annealing temper ature (T a ). The hardness slightly increases by annealing at T a = 600°C and decreases with further increasing T a up to 1000 °C. The increase in hardness can be assigned to the densification of the coatings due to crystal rearrangements [21] . The significant lowering of H K for T a > 600°C may be due to the oxidation, since the base vacuum inside the annealing chamber was maintained at 0.001 Pa. This vacuum is not low enough to prevent oxidation at high T a . From Fig. 7 we see that the number of the Nb 2 N x and SiO 2 clusters increases after the annealing of the Nb-Si-N film at 1000°C. The following reaction can govern the spontaneous oxidation of Si 3 N 4 and NbN [21, 35] Si 3 N 4 + O 2 = 3SiO 2 +2N 2 ,
Theoretical Results
In Fig. 8 we show the atomic configurations of the ZT and HT heterostructures. Figure 9 shows the arrangement of the atoms located on the (001) interfacial plane or close to it for the low and high tempera ture heterostructures. The geometry optimization of the initial B1 Si 3 N 4 heterostructure at 0 K preserved the heteroepitaxial arrangement for the interface in a similar way as described for the TiN(001)/Si 0.75 N hetero structure [28] . The geometry of the (001) interface was preserved, but the nitrogen atoms above and below the interface were slightly shifted toward this interface. However, at 1400 K, the (001) interfacial structure signif icantly changed. Because the NbN(001)/Si 3 N 4 heterostructure is strongly influenced by the temperature, we will consider it in detail. We note significant atomic re arrangement caused by thermal motion of the interfa cial atoms, which occurs predominantly within the interfacial layer. There are almost symmetrical, "down" and "up" shifts of the N atoms in the layer just above and below the interfacial layer, an almost random shift albeit of the Si atoms within the interfacial plane, breaking about half of the Si-N bonds. This leads to the formation of distorted over coordinated Si 3 N 4 like units that are represented by the SiN 4 and SiN 5 units (see Fig. 9 ). One can see from Fig. 9 that along with the new Si 3 N 4 like units, some of the original six fold coor dinated B1 SiN 6 units are still present albeit distorted.
Because the Si-N bond length of 1.75-1.77 Å in β Si 3 N 4 is much shorter than the Ti-N bond length of 2.205 Å in pure NbN, there is a tensile misfit stress within the interfaces. This stress and the tendency of silicon to attain its four fold coordination to nitrogen as in Si 3 N 4 , which is the most stable configuration in the Si-N system, are the main factors that cause the reconstruction of the epitaxial layers. In Fig. 10 , we present the pair correlation function (PCF) for the Si-N correlations. Figure 10 shows that the Si-N bond lengths of 1.79 Å correspond to the Si-N bonds in the distorted Si 3 N 4 like units, whereas the peaks at 1.87 Å and 2.05 Å correspond to the Si-N bond lengths in the SiN 5 and SiN 6 units, respectively. A comparison of the structure and structural functions of the high temperature interface in the NbN(001)/Si 3 N 4 heterostructure with those of amorphous Si 3 N 4 calculated in [28] show that the interface structure is very close to the structure of the over coordinated amorphous Si 3 N 4 . So, the interface structure is not crystalline, and it is amorphous in agree ment with the experiment.
The calculated stress-strain curves of the bulk NbN phase and the HT heterostructure under tensile strain (ε t ) in the (001) direction and shear (001)[010] strain (ε s ) are shown in Fig. 11 . It is seen that the formation of the Si 3 N 4 interface in NbN leads to a reduction of the ideal tensile strength. The atomic configuration of the HT heterostructure after failure under tensile strain is presented in Fig. 8c . The delamination occurs inside the NbN slab: the bonds are broken between the NbN layers adjacent to the interface. The shortening of the Si-N bonds causes an elongation of the Nb-N ones between these layers, for which reason they will be broken under tensile strain in the first place.
For pure NbN, in the range of 0.12 ≤ ε s ≤ 0.2, the shear stress is practically independent of the strain (see Fig. 11 ). We suppose that such a plastic region in the stress-strain curves is due to the dynamical instability of the stoichiometric B1 NbN caused by the availability of the soft transverse acoustics modes [36, 37] . Ne vertheless, despite this plastic region, the ideal shear strength of NbN is higher compared to that of the HT NbN(001)/Si 3 N 4 heterostructure (see Fig. 11 ).
Thus, it follows from these findings that the formation of the interfacial Si 3 N 4 like layer in δ NbN(001) destabilizes niobium nitride. Interface formation does not result in strengthening of the nanocomposites from a chemical bonding perspective. For the NbN(001)/Si 3 N 4 heterostructures, in the absence of lattice defects (dislocations, point defects, etc.), our theoretical results predict the reduction in both hardness and elastic modulus with the formation of the NbN(001)/Si 3 N 4 like interface in δ NbN. Therefore, the observed strength enhancement in the nc δ NbN/a Si 3 N 4 nanocomposite coatings (see Fig. 6 ) should be ascribed mostly to the interfaces that play the role of barriers inhibiting dislocation motion.
CONCLUSIONS
We have deposited the NbN and Nb-Si-N films on silicon wafers by magnetron sputtering at various dis charge powers applied to the Nb target, P Nb . The comparative investigation of the deposited films has been carried out. AFM investigations show that a decrease in the discharge power P Nb and an introduction of sili con promote the reduction of the surface roughness of the films. The XRD and XPS examination enabled one to establish the possible structure of the deposited films: the NbN films were nanostructured, and the Nb-Si-N films had a nanocomposite structure, and represented an aggregation of δ NbN x nanocrystallites embedded The results of first principles molecular dynamics simulations of the NbN(001)/Si 3 N 4 heterostructures show that in the absence of lattice defects the interface formation does not result in strengthening of the nano composites. Therefore, the observed strength enhancement in the nc δ NbN/a Si 3 N 4 nanocomposite coat ings should be ascribed mostly to the interfaces that play the role of barriers inhibiting dislocation motion.
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